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Abstract: Bird strike prevention in civil aviation has traditionally focused on the airport perimeter.
Since the risk of especially damaging bird strikes outside the airport boundaries is rising, this paper
investigates the safety potential of operational bird strike prevention involving pilots and controllers.
In such a concept, controllers would be equipped with a bird strike advisory system, allowing them
to delay departures which are most vulnerable to the consequences of bird strikes in case of high
bird strike risk. An initial study has shown the strong potential of the concept to prevent bird strikes
in case of perfect bird movement prediction. This paper takes the research to the next level by taking
into account the limited predictability of bird tracks. As such, the collision avoidance algorithm is
extended to a bird strike risk algorithm. The risk of bird strikes is calculated for birds expected to
cross the extended runway center line and to cause aircraft damage upon impact. By specifically
targeting these birds and excluding birds lingering on the runway which are taken care of by the
local wildlife control, capacity reductions should be limited, and the implementation remain feasible.
The extrapolation of bird tracks is performed by simple linear regression based on the bird positions
known at the intended take-off times. To calculate the probability of collision, uncertainties resulting
from variability in bird velocity and track are included. The study demonstrates the necessity to
limit alerts to potentially damaging strikes with birds crossing the extended runway center line to
keep the imposed delays tolerable for airports operating at their capacity limits. It is shown that
predicting bird movements based on simple linear regression without considering individual bird
behavior is insufficient to achieve a safety-effect. Hence, in-depth studies of multi-year bird data to
develop bird behavior models and reliable predictions are recommended for future research. This is
expected to facilitate the implementation of a bird strike advisory system satisfying both safety and
capacity aspects.
Keywords: airport operations; bird strikes; capacity; damage collision avoidance; probability;
risk; safety
1. Introduction
bird strike risk is highest at low heights and decreases with increasing heights [1,2].
Therefore, the vast majority of strikes happen below 1000 m and therefore in the low-level
flight phases of take-off, initial climb, landing and approach [3,4]. The International Civil
Aviation Organization (ICAO) requires airports to implement measures to decrease the risk
of wildlife hazards at and in the vicinity of an airport [5]. The procedures, which are airport-
specific, can be grouped in the categories habitat management, exclusion, harassment,
capture, and lethal methods [6]. Research has shown that wildlife strike prevention at
the airports, performed by dedicated Wildlife Control Units (WCUs), has led to a strong
reduction in number of bird strikes at the airports themselves. However, there is an
increasing trend of bird strikes outside the airport environment, which lies beyond the
reach of the performed measures [3,7].
Aerospace 2021, 8, 32. https://doi.org/10.3390/aerospace8020032 https://www.mdpi.com/journal/aerospace
Aerospace 2021, 8, 32 2 of 22
Therefore, additional measures for this area are required. This study addresses the
concept of operational bird strike prevention, actively including pilots and controllers in
the loop [3,8]. Currently, these parties are only marginally involved. For example, if high
bird abundance is observed at an airport, the controllers can provide this information to the
pilots via radio or, if the abundance is expected for longer periods such as during migration,
in Notice to Airmens (NOTAMs) [9,10]. In the concept of operational bird strike prevention,
which is considered here, controllers can support the pilots with dedicated real-time
information of current bird strike risk. For this purpose, a bird strike advisory system would
be implemented at the working position of the tower controller. Based on real-time sensor
data, the bird strike prevention system continuously calculates the current bird strike risk.
If required, the system alerts the controller who can directly adjust clearances. Introducing
such a concept as an addition to currently implemented wildlife strike prevention measures
is expected to enhance aviation and avian safety, especially outside the airport perimeter.
Surveillance technology such as avian radars tailored to locate and track birds are
enablers for this operational bird strike prevention process [11]. An increasing number of
airports have been installing avian radars over recent years. The majority of these radars
serves to provide the local bird strike prevention units with information to identify hot
spots of bird activity [3]. Air Traffic Control (ATC) usually has no link to the radar’s output.
A promising exception is the King Shaka International Airport in Durban, South Africa.
ATC can be advised to delay departing traffic in case of a high bird strike risk determined
by a system based on radar observations [12]. The situation at this airport is special in
the sense that the risk which is warned of occurs twice a day when millions of wintering
swallows cross the extended runway center line to move between resting and feeding areas.
Hence, the timing and duration of these warnings are very predictable, and can therefore
be effectively used by ATC.
The introduction of such a concept of operational bird strike prevention at airports
with less predictable presence of birds faces multiple challenges. First, methods to predict
local bird movement at the airport and in the surrounding area up to 1000 m as reliably as
possible must be established. Second, a suitable level of support for the controller must be
developed and evaluated. Potential levels of support range from visualizing the current
and predicted bird tracks up to a system advising the controller when it is safe to use the
runway [13].
On the airport level, it is vital to research the influence of such a concept on the air
traffic flows. The number of issued alerts and thus the number and duration of imposed
delays as well as the effect on runway capacity depend on the predictability of the bird
movement and the defined warning levels. Furthermore, the question to what extent bird
strikes can be prevented at all, remains to be analyzed. The evaluation of these factors is
the scope of this study. It builds on a previous analysis which researched the influence on
traffic flows and the hypothetical maximum safety potential of such a system, independent
of the effectiveness of any predicting algorithm [8]. For this purpose, perfect predictability
of bird movement was assumed. The results of that study also serve as a benchmark for
more realistic implementations that do consider the limited predictability of bird behavior.
In the idealized setting of the study, over 99% of strikes were prevented in the performed
Monte Carlo simulations. Runway capacity could be maintained and the delays resulting
from the preventive actions lay within reasonable limits for most scenarios [8]. In the
current study, the next step is taken by abandoning the assumption of perfect predictability,
and replacing it with a prediction logic. A concept is proposed that calculates the risk of
bird strikes, based on the currently detected presence and movements of birds.
2. Material and Methods
The goal of this study is to evaluate the feasibility of a bird strike advisory system
by enhancing the underlying collision avoidance algorithm which was developed in ear-
lier research [8]. In this previous study, perfect predictability of bird movement was
assumed. In the current study, the outcomes of a more realistic setting including the limited
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predictability of bird movement are analyzed. Therefore, modules for bird movement
prediction as well as the calculation of probability and severity of bird strikes were devel-
oped. These were implemented in the initial collision avoidance algorithm, enhancing it
to a bird strike risk algorithm. To evaluate the effects of the resulting algorithm, it was
executed for different air traffic patterns and volumes, combining them with historic bird
movements from various days throughout the four seasons. The scenarios rescheduled by
the algorithm were simulated in fast-time to analyze how many bird strikes occurring in
the initial flight plans the algorithm had prevented.
This section first introduces the set-up of the bird strike risk algorithm as well as the
method to categorize and to predict bird movement. Thereafter, the evaluation experiment
to evaluate the algorithm is described.
2.1. Bird Strike Risk Algorithm
The bird strike risk algorithm comprises the elements of predicting bird movement, cal-
culating the risk of collision as well as avoiding the predicted collision in case of high risk.
The implementation of collision avoidance relies on the trajectory comparison of
aircraft and birds. If the bird strike risk algorithm predicts an intrusion of protected
volumes around aircraft by bird trajectories, a potential collision is detected. This general
concept is comparable to Airborne Collision Avoidance System (ACAS) as mandated in
civil aviation [14]. However, certain differences must be accounted for when implementing
a system to prevent bird strikes. First, ACAS depends on the exchange of transponder
information between aircraft. In case of a bird strike advisory system, ground-based sensors
such as radar, visual or infrared video must be used to locate birds.
The risk that a bird strike results in damage is highest for aircraft taking off [15,16].
Pilots can contribute to limit the likelihood of strikes during this flight phase. For example,
by delaying their take-off in case of observed or reported bird activity until the WCU
took dispersal measures or by choosing steep rates of climb to limit the time in the critical
altitude bands [9]. In this paper, take-off delays based on observations of bird movement
in the entire extended airport area—beyond the range of visual observations by pilots or
controllers—are selected.
For aircraft on approach, the European Organization for the Safety of Air Navigation
(EUROCONTROL) recommends that unless a go-around can be achieved with a reasonable
degree of confidence that the aircraft will not hit birds, it is less hazardous to continue the approach
to land [17]. Bird strikes during approach to which the pilots reacted with go-arounds did
lead to incidents and accidents in the past due to the reduced or lost thrust caused by the
collision [9,18]. Therefore, arriving aircraft remain unimpeded by the system in this study.
When implementing an algorithm underlying a bird strike advisory system to predict
and prevent bird strikes, the different characteristics of the opponents must be considered.
First, birds are very small in comparison to aircraft. Hence, the trajectory comparison
requires a high resolution and an update rate of positions to catch all potential intrusions
of protected volumes. Second, the number of bird movements in the extended airport
environment can be abundant, especially during migration and fledging seasons [19,20].
To achieve an efficient—and, for further research, real-time capable—implementation of
the algorithm, filtering of actually threatening birds for the effective, run-time-intense
trajectory comparison is highly relevant. Therefore, a two-step approach, which has been
developed in earlier research, was chosen [8]. First, relevant birds are filtered in the so-
called broad phase. For this purpose, the airspace is divided into a grid containing tiles with
the dimensions time, latitude, longitude and altitude. Only birds that cross the same tiles
as the current aircraft are forwarded to the narrow phase where the collision detection and
resolution is performed in the second step.
The previous study [8] has shown that the concept of a bird strike advisory system
has the potential to reduce the number of bird strikes while keeping runway capacity
when assuming perfect predictability of bird movement. The imposed delays remain
acceptable for almost all combinations of air traffic and bird movement mixes. Only when
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combining very high densities of air traffic and birds, 7% of the generated delays exceeded
an acceptable value. The acceptability threshold was set to ten minutes to keep the ability to
comply with potentially imposed Air Traffic Flow Management (ATFM) slots [21]. Since it
is expected that the number of alerts, and consequently delays, rise when considering the
uncertainty in bird predictability, prioritization of interventions was recommended.
For this reason, the algorithm presented here targets at birds outside the reach of
action of WCU. An initial analysis on the radar data used for this study revealed two main
categories of birds. The first kind is birds lingering close or on the runway center line,
showing erratic flight behavior. Representative tracks are depicted in Figure 1a. In reality,














































































Figure 1. Exemplary bird tracks representative for the categories lingering birds (a) and crossing
birds (b) (Source: avian radar data, recorded at Eindhoven Airport on 5 June 2016).
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In addition, the bird data which serves as input for this study originates from Eind-
hoven airport in the Netherlands, which handles very low traffic densities. In the years
2015 and 2016, in which the data was gathered, 80 to 120 military and civil movements
took place per day (Bird Strike Database, Royal Netherlands Air Force. Hans van Gasteren,
20 October 2020, personal communication). On airports with low aircraft activity, more
bird activity on or close to the runway is to be anticipated—also with comparable efforts
of the WCUs, as impressively demonstrated during the heavy traffic reductions during
the COVID-19 pandemic [22–24]. However, the scope of this study lies on airports with
medium and high traffic intensities where less birds would be expected around the run-
way due to the dispersal effect of aircraft themselves. Hence, these lingering birds are
considered to be overrepresented in the input data. Since bird reaction to nearing aircraft
is not accounted for in the algorithm, a high number of alerts for these birds and thus a
bias in the results is expected. Therefore, lingering birds are disregarded by the bird strike
risk algorithm.
The second category of birds contains the ones that cross the extended runway center
line as illustrated in Figure 1b. These are the birds which can hardly be reached by the
measures of WCU and where the expected safety benefit of a bird strike risk algorithm
is. Consequently, the algorithm focuses on preventing strikes with these crossing birds.
Moreover, it targets strikes that are likely to cause damage to aircraft since these impact
aviation safety and operations the most.
2.1.1. Structure
The process within the bird strike risk algorithm is structured into a filtering broad phase
and a narrow phase. In the narrow phase, the prediction of bird movement, the calculation
of risk and the actual collision detection and resolution take place. Figure 2 shows the
different steps. In an initial step, the grid used in the broad phase is set up and the bird
positions of all birds present on the current day are stored in the tile. For this study, only the
bird information available at the time of intended take-off will be made available to the
algorithm. The filled grid as well as the air traffic flight plan serve as input for the bird
strike risk algorithm which is executed per departing aircraft.
In the broad phase, the algorithm determines which tiles the departing aircraft will cross
along its flight path. Thereafter, the birds with positions in these as well as adjacent tiles are
categorized and filtered for crossing birds. To qualify as crossing, a bird needs at least two
position recordings and a heading towards the runway to be classified, respectively. This is
a relatively open criterion to ensure that all potentially threatening birds are considered.
The birds identified as crossing birds are forwarded to the narrow phase for the actual
collision resolution. If there are no crossing birds in the relevant tiles, the aircraft takes off
as intended.
Within the narrow phase, the trajectories of the crossing birds are extrapolated and
the Closest Point of Approach (CPA) to the aircraft trajectory is determined. This step is
described in detail in Section 2.1.2.
Thereafter, the probability of interference with the aircraft trajectory and the ex-
pected severity of the collision are calculated. These steps are described in Sections 2.1.3
and 2.1.4. If both exceed previously defined thresholds, the aircraft is delayed until the
critical crossing bird passed the runway or turned away. This implementation corresponds
to the situation where the aircraft is ready for departure. The controller, based on the
information from the bird strike advisory system, clears the pilots for take-off or delays the
provision of the clearance.
This step-by-step implementation of the risk elements probability and severity are
beneficial for runtime-efficiency. In addition, it allows analysis of which consequences
result from which element. The implementation corresponds to the definition of risk as
product of severity and probability. Warnings are generated if both elements exceed their
individual thresholds and the risk is larger than their product.
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Figure 2. Steps of the Collision Detection and Resolution.
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After every delay imposed due to bird strike risk, the algorithm tests whether separa-
tion minima to subsequent arrivals are still reached. If this is not the case, a departure is
shifted to after the arrival and tested again for potential collisions until the risk of collision
with a crossing bird stays below the acceptable limit. Subsequent departures inherit delays
from their predecessors if their departure times come below the separation minimum to
arrivals or previous departures.
2.1.2. Flight Path Prediction
To extrapolate the currently known part of bird trajectories in the narrow phase and to
determine the CPA, simple linear regression is applied.
Since the radar sources do not provide altitude information, every bird track is as-
signed to a constant altitude based on empirically determined distributions [25] in the
preprocessing of the data. Consequently, the bird track relevant for the predictor consists
of the dimensions of time, latitude and longitude.
2.1.3. Probability Calculation
To evaluate whether a departure should be delayed due to the presence of crossing
birds, the risk of a collision with each relevant crossing bird was calculated. The ICAO de-
fines risk and particularly safety risk as the predicted probability and severity of the consequences
or outcomes of a hazard [26].
Hence, the probability of the collision was determined first, followed by the calculation
of the expected severity. If both values exceed given thresholds, the aircraft is delayed by
the bird strike risk algorithm. This section describes the probability calculation while the
subsequent section addresses the damaging aspect.
In ACAS, protected volumes around all opponents are defined and segmented into a
caution area, a warning area and a collision area [14]. Due to the small look-ahead time
as well as the limited size and speed of birds, only the collision area was incorporated in
the algorithm. The protected volume of the aircraft resembles a cylinder with the radius
corresponding to the wingspan and the height corresponding to the average height of
the aircraft. In the initial version, the rear part of the aircraft was cut from the protected
volume [8]. Here, it was included again to reduce the number of variables in the analysis
of the probability. Birds have a disc-shaped protected plane without a height. The radius
rises with bird size and, in case of flocks, number of members [27].
The probability of a collision was calculated as illustrated in Figure 3 and as described
below. It depends on the expected positions of aircraft and bird at the CPA as well as
uncertainty of the actual bird location. The uncertainty in arrival time at the CPA was
added to account for variability in bird speed. Lateral deviations along the trajectory were
taken into account by adding uncertainties to the predicted location of the CPA.
For the probability calculation, the aircraft is set as point mass moving along the
runway center line. Both protected volumes are drawn around the bird, resulting in a
circle with radius R. The bird is expected at its center, at the Predicted Bird Position (PBP).
The actual position of the bird is defined as Actual Bird Position (ABP). The probability
calculation is separated into parallel in the direction of the relative speed between bird
and aircraft and a perpendicular direction. Hence, the respective distances are divided in
the respective components as well. The expected offset between the PBP and the ABP is
expressed as uncertainty U. The distance between PBP at the time when the CPA is reached
by the aircraft is called dCPA.
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Figure 3. Model to calculate the probability of a collision (CPA: Closest Point of Approach;
PBP: Predicted Bird Position; perp: perpendicular).












Here, the uncertainty in parallel refers to the maximum observed offset between the
bird’s past trajectory and the corresponding regression line dmax, or 20 m, whichever is less.
The uncertainty in perpendicular is determined by the variability in bird speed. Therefore,
the time required to reach the runway from the current position at minimum and maximum
speed observed along the trajectory is calculated. The difference is then multiplied by the
current bird speed to obtain a distance.
With
Uparallel = min(dmax, 20m) (2)
and
Uperpendicular = vbirdnominal · (tmax − tmin) (3)
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R = RPVac︸ ︷︷ ︸
protected volume aircraft
+ RPVbird︸ ︷︷ ︸
protected volume bird
(4)
the probability of collision is calculated as
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2.1.4. Severity Calculation
To prove their airworthiness, various aircraft components must demonstrate resistance
towards the impact of bird strike before being certified by the aviation authorities [28].
For all components to be tested, the determining criterion to pass the tests is represented
as a kinetic energy. Therefore, kinetic energy served as input for the calculation of expected
severity in this study. The certification requirements by the European Aviation Safety
Agency (EASA) were used as reference since they provide a benchmark for comparison.
Since the focus of the study lies on commercial aircraft, the requirements for Large Aero-
planes [29] were referred to. Impact resistance to different numbers and sizes of birds has to
be demonstrated for windshields and the structure. In addition, the engines must undergo
engine ingestion tests [30]. The criteria for the different aircraft components are presented
in Table 1.
The strictest regulations concern the engines. They demand that the engine must
withstand the kinetic energy defined in Table 1 without resulting in a Hazardous Engine Effect.
This definition includes, among others, uncontrolled fire, significant thrust in the direction
opposite to that requested by the pilot or complete inability to shut the engine down [30].




· m · (v)2 (7)
with m equals to mass and v to velocity.
Table 1. Kinetic energy criteria as defined by the EASA for Large Aeroplanes [31]. 4 lb amount to
1.8 kg, 8000 ft correspond to 2438 m, 200 kts equal 102.9 m/s. vre f erence refers to cruise speed at the
respective altitude.
Component Kinetic Energy Criterion
Windshield Ekin = 12 · 4 lb ·(vre f erence)2
Structure Ekin = 12 · 4 lb ·(0.85 · vre f erence8000 f t)
2
Ekin = 12 ·4 lb·(vre f erencesealevel )
2
Engine Ekin = 12 · mbird · (200 kts)2
In the context of the certification requirements, the mass of the bird(s) involved and the
aircraft velocity are relevant. The bird mass to be used within the certification requirement
test depends on the specific test conditions, i.e., the size of bird and individual or flocking
bird as well as the surface of the engine inlet throat. The highest and thus most critical test
mass from the test conditions of 2.7 kg was selected as reference for this study [30].
To determine the expected kinetic energy and thus the severity of a predicted bird
strike within this study, the expected aircraft velocity at the CPA and the bird weight
obtained from the processing of bird information served as inputs.
2.2. Specifications
The bird strike risk algorithm was configured as follows. Since aircraft trajectories
are expected to be perfectly predictable, they were logged in the simulation tool BlueSky
Open Air Traffic Simulator developed by TU Delft [32]. Here, all aircraft were of the very
common type A320-200 and their performance was calculated using the Base of Aircraft
Data (BADA) model, version 3.12 [33]. During lift-off between 0 m and 15 m altitude,
trajectories were logged with a frequency of 10 Hz, to account for rapid changes in altitude
occurring in that phase. The remaining part of the trajectories was logged with a frequency
of 2 Hz. Between logged positions, linear interpolation was performed for both aircraft
and birds.
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The tile dimensions of the grid used to filter birds in the broad phase amounted to
1000 m for lateral width and 33 m for height. Recordings of bird tracks from an avian and
a weather radar were used as inputs to be stored in the respective tiles (cf. Section 2.3.2).
According to the manufacturer of the avian radar, tracked birds are expected to have
landed if not observed for the past five seconds (Remco Kabos, Robin Radar, personal
communication on 26 May 2020). Within the implementation of the algorithm, a safety
buffer of five seconds was added. Weather radar birds were considered if they have
appeared at least once within the last ten minutes to account for their low update rate.
The protected volumes defined for aircraft have a radius of 25 meters and a height
of 1.01 m, representing the values for narrow body aircraft [27] as used in this study.
The expansions of protected panes for birds depend on their weight category and, for flocks,
number of members [27].
To determine a threshold for the probability from which on aircraft would be delayed,
the probabilities of conflicts for one million combinations of the parameters involved in
Equation (6) were performed. Here, the ranges for the individual parameters were obtained
from historical data. The resulting probabilities can be found in Figure 4a. It was decided
for 0.3 as threshold as this is relatively low and thus conservative to achieve a sufficient
number of prevented strikes. Hence, with that setting, approximately 25% of strikes
involving crossing birds would exceed the threshold and be prevented by the algorithm,
as can be retrieved from Figure 4a. Consequently, the impact of the algorithm on capacity























































(b) observed kinetic energies, normal-
ized to the engine impact criterion of the
aviation authorities
Figure 4. Distributions of probability (a) and normalized kinetic energy as well as the selected
thresholds (b). Note the different scaling.
Regarding the kinetic energy criterion, it can be expected that already smaller impacts
lead to damage, if not life-threatening one. To define a reasonable threshold, the magnitude
of impacts observed in previous simulations was evaluated [27]. Their distribution as well
as the comparison to the engine certification criterion are shown in Figure 4b. Here, 0.3 was
selected as threshold as well. This is a conservative threshold. However, since even minor
strikes cause operational and repair costs [2], these should be considered by the algorithm.
When multiplying the factors of probability and severity to correspond to risk, a risk
threshold of 0.09 results. Consequently, aircraft are held back, if the probability and severity
of a strike each exceed values of 0.3 and the resulting risk is higher than 0.09.
2.3. Evaluation Experiments
To evaluate the bird strike risk algorithm as described in the previous section, an ap-
proach involving Monte Carlo simulations was pursued which is outlined subsequently.
Thereafter, the input data as well as the specifications of the simulations are presented.
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2.3.1. Analysis
The following three steps were performed for the analysis of the bird strike risk
algorithm. First, initial flight plans with various traffic intensities and patterns were
simulated alongside bird movement from various days in fast-time in the BlueSky Open
Air Traffic Simulator. The tool can represent aircraft as well as bird movement and record
bird strikes [27,32]. With this step, the strikes to be prevented and as such the safety
potential was determined.
Second, the algorithm was run for these combinations of flight plans and bird move-
ment. From the resulting rescheduled flight plans, the impact of the algorithm on capacity
and the delays induced could be obtained.
Third, the rescheduled flight plans were simulated alongside the bird movement in
BlueSky to test for the number of strikes remaining after bird strike avoidance. In addition,
false alerts were analyzed. They were identified by comparing the strikes prevented with
the strikes that took place prior to the intervention of the algorithm.
It was hypothesized that the algorithm reduces the number of bird strikes with cross-
ing birds. Since lingering birds are disregarded, the average number of strikes involving
these birds should stay constant.
The thresholds for intervention are set conservatively. Hence, also birds with a small
risk of collision can cause delays. Still, due to focusing on crossing birds, the delays should
remain within tolerable limits.
2.3.2. Input Data and Specifications
To obtain representative results, flight plan data was randomized and tested for bird
movement information from various seasons.
Previous analyses showed that the impact of the algorithm on capacity is most critical
for large traffic intensities [8,27]. In this study, scenarios with 500 and 900 flights per
day were tested, representing medium and high traffic intensities, respectively. To obtain
representative results, flight plans for the two intensities were randomized. Therefore,
1000 randomizations for the four departure shares of 25%, 50%, 75% and 100% were
performed by following a procedure presented earlier [8]. A minimum separation of
66 s had to be kept between flights to allow high density traffic schedules to be handled
within the set airport opening hours of 18 h per day.
Bird data was obtained from two radar sources. For the direct airport environment
and up to 200 m, the avian radar installed at the time of the initial studies at Eindhoven
airport in the Netherlands served as source. This radar delivers two-dimensional and
categorized tracks of which the ones for small, medium, large birds and flocks were
considered. Constant bird altitudes were assigned based on historic observations [25].
For higher altitudes beyond the range of the avian radar, data from the weather radar
in De Bilt, also in the Netherlands, was incorporated. Weather radar can be filtered and
processed to receive bird densities [34]. Since the weather radar data is used from 200 m
upwards, the birds included in that data are likely to follow relatively straight tracks,
either for daily commuting or during seasonal migration [35]. Hence, for the initial study
presuming perfect bird predictability, these birds were modelled to fly straight and at
constant velocity [36]. For the present analysis, the following uncertainty elements were
included to reduce the predictability. The weather radar data is updated in five-minute
intervals and average bird directions and velocities can be retrieved [34]. For every update
time, the birds present were assigned to a new velocity and direction. To further increase
the unpredictability, the actual update time of every bird was varied. A normal random
distribution was used for all variations. The possible range for velocities lies within the
observed standard deviations of 6 m/s, or 1 m/s, should the randomly picked value fall
below that. The heading change was distributed ±15◦ around the average heading change
observed by the radar [37]. The appointed update times lay in a range of 90 s around the
actual update time. The assignment of flight altitudes, bird mass and number of birds
in flocks was described earlier [36]. Eventually, the processed bird data which served as
Aerospace 2021, 8, 32 12 of 22
input for the bird strike risk algorithm contained time-stamped information about location,
bird category and corresponding mass, current heading and current velocity.
In initial studies tracks up to 1000 m, where the risk of bird strikes is highest,
were integrated [3,8,27]. However, the validity of the bird tracks incorporated from the
weather radar data is limited since they are artificial. In addition, while there are many
birds present in that airspace layer, only a few of them cause collisions, as Table 2 displays.
Although most birds included in the simulations fly above 200 m, it is the birds below that
altitude that most often cause collisions [27]. Consequently, to include weather radar birds
with a representative share without challenging memory-requirements too much, weather
radar birds are considered from 200 m to 400 m. Since the number of birds present on a
day is not a sufficient predictor for the number of strikes on that day [27], bird movement
information was chosen based on number of generated strikes. Days on which the maxi-
mum number, the average number and the lowest number of strikes have been observed
in previous experiments were chosen to represent seasonal variability in bird abundance.
Therefore, the bird movement information varies in bird strike risk rather than number of
birds present. The selected days were 10 January 2016 for low, 14 October 2015 for medium
and 5 June 2016 for high bird density when combining with high air traffic scenarios and
10 January 2016 for low, 25 August for medium and 5 June for high bird density when
combining with medium air traffic scenarios.
To evaluate whether the results of the algorithm are reproducible, 80% of all flight
plans per departure share were tested for the bird movement described above in the baseline.
The remaining 20% of flight plans were tested for additional bird movement information
in the validation. For comparability, the additional bird data was gained from days of the
same weeks as the data used for the baseline. This separation resulted in 9600 scenarios for
the baseline and in 2400 scenarios for the validation.
Table 2. Shares of birds (n = 1,906,240) and caused strikes (n = 69,463) in the different altitude bands.
0 m–200 m 200 m–1000 m 200 m–400 m 400 m–1000 m
share of birds 7% 93% 59% 34%
share of strikes 79% 21% 13% 8%
3. Results
In this study, the effects of a bird strike advisory system on the safety and the traffic
flows of an airport were evaluated. The bird strike risk algorithm underlying the system
focuses on preventing strikes with birds crossing the runway which are expected to cause
damage to the aircraft. Birds lingering on or close to the runway are excluded. The limi-
tation to prevent potentially damaging strikes was performed to find a balance between
safety and capacity, limiting the induced delays to a reasonable level.
The number of interventions and the resulting delays were considered first. The overview
is provided by Figure 5. The average number of delays and the distribution of their
duration is comparable between the baseline and the validation. Delays above ten minutes
and as such above a tolerable level were outliers. Their share amounted to 0.8% of delays
in the baseline and 0.5% in the validation. All aircraft of all scenarios were able to depart
within the designated airport opening hours. Hence, the capacity was not impaired.
To gain more insight into the origin of delays, Figure 6 depicts the average number
of interventions per day and scenario as well as the average number of generated delays.
The average number of interventions per day and scenario is very low. In some scenarios,
even no intervention at all took place. One intervention by the algorithm results in up
to six delays in total. The delays additional to the ones caused to prevent a bird strike
(bird delay) are delays inherited from a previous departure (transferred delay). If an aircraft
with a transferred delay receives a bird delay, it is called combined delay. Transferred and
combined delays especially appear in the high air traffic scenarios, where the flight plans are
denser, and a rescheduling of a departure is more likely to penetrate separation minima to
Aerospace 2021, 8, 32 13 of 22
subsequent aircraft. With the exception of the combination of medium air traffic intensity
with high bird strike risk in the baseline, more inherited delays than bird delays take place.
To evaluate whether an intervention by the algorithm was successful, aircraft with a
bird delay and without any inherited delay from a previous departure were considered.
These had the same intended take-off times in the original and the revised flight plans.
Therefore, they experienced the identical bird situation, which made them comparable.
Testing whether these aircraft experienced a bird strike after having received a bird delay in
the revised flight plan served as measure for successful interventions. For both the baseline
and the validation, the share of comparable flights amounted to 95%. The algorithm
prevented 139 collisions with crossing birds in the baseline and 9 in the validation. In the
baseline, three of these flights experienced a strike with another bird than the targeted one.
All other departures delayed due to bird strike risk departed collision-free. All comparable
























Figure 5. Duration of delays imposed by the algorithm focusing on crossing birds (n: average number
of delays per day).
The bird strike rates for the original as well as the revised flight plans can be found
in Table 3. In the baseline, the strike rates slightly increases by 0.8%. In the validation, it
decreases by 0.2%. When normalizing the number of prevented strikes by 10,000 flights,
similar to the bird strike rate, the baseline has a prevention rate of 70 and the validation of
20. Still, the bird strike rates in the baseline are higher than in the validation.
Table 3. Bird strike rates (number of collisions per 10,000 flights).
Case Original Flight Plans Revised Flight Plans Difference
baseline 57.8 58.02 0.8%
validation 43.14 43.05 0.2%
To analyze these opposing trends, the number of interventions were compared against
the number of birds present in the airspace as well as the ones identified as crossing
birds. The results are presented in Figure 7. It must be noted that the bird scenarios were
selected based on the strike risk they hold rather than number of birds (see Section 2.3.2).
The number of interventions and the number of birds present do not correspond well.
For example, most birds occur in the combination of high air traffic intensity and low
bird density in the baseline and the validation, but (almost) no interventions take place.
Also, between the number of identified birds and number of interventions, there is limited
consistency only. Moreover, even though the corresponding bird densities in the baseline
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Figure 6. Number of interventions and generated delays by type for the different combinations of air
traffic intensities and bird strike risk within the baseline and the validation (note logarithmic scale
for delays).




























































































































































































































































































Figure 7. Number of birds and number of interventions for the different combinations of air traffic
intensities and bird strike risk within the baseline and the validation.
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The decision to delay an aircraft depends on the determined values for risk as well
as its factors probability and severity. If the three of them exceed the selected thresholds,
an algorithm intervention is triggered. To evaluate the resulting interventions in detail,
the analysis is performed individually for the probability and the severity. Their distribu-
tion for strikes where the algorithm intervened correctly or falsely are shown in Figure 8.
Moreover, the distributions where the algorithm did not intervene, and the aircraft then col-
lided with birds are presented. Figure 8a depicts the distribution of probabilities. They all
are above the triggering threshold of 0.3 for correct and false interventions, as required
for the triggering of the algorithm. The spreads are larger for false alerts, reaching higher
probabilities than in the case of correct alerts. They are comparable between baseline and
validation in case of false alerts. For correct alerts, the spread is much smaller for the
validation than for the baseline. For missed strikes, the probabilities were just slightly
higher than zero and as such far below the threshold to trigger an intervention.
Figure 8b illustrates the second risk element, the severity of strikes. Here, the predicted
kinetic energy was normalized with the kinetic energy required to trigger an algorithm
intervention. Hence, the threshold lies at one. The spreads of the baselines are higher than
for the validations for all three alert types. In the case of correct alerts, the lower boundary
of the predicted kinetic energies lies higher than for false alerts. The majority of strikes that
were missed by the algorithm did exceed the threshold of kinetic energy. However, due to




























































Figure 8. Distributions of probability and kinetic energy normalized by the certification specification requirements for
impact resistance. Dashed lines represent the thresholds for triggering an algorithm intervention. This is only triggered
when the thresholds of probability as well as kinetic energy are exceeded.
Finally, the quality of bird movement prediction which underlies the determined prob-
ability of a strike was evaluated for correct and false alerts. As introduced in Equation (6),
the probability of collision depends on the maximum distance from the regression line
dmax and the variation in bird speed along the trajectory. The latter is expressed as time
interval in which the bird is expected to cross the aircraft trajectory. To analyze the preci-
sion of predicted bird location, the maximum perpendicular distances between the bird
positions known at the time when the future trajectory was predicted and the regression
line, dmax, were analyzed. Their distributions for correct and false alerts are illustrated in
Figure 9. For both alert types, there is a wider spread at a lower level in the baseline than
in the validation. Although the distributions of false alerts are to some extent comparable
between the baseline and the validation, the distribution for correct alerts is much wider
in the baseline, with a relatively high median of ca. 20 m in the validation. Figure 10
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shows, how far from the regression line the bird was at the time of the CPA. In the baseline,
the birds causing correct alerts are much closer to the regression line, with a small spread
of values only. Also in for false alerts, the spread is smaller in the baseline than in the
validation. However, here, the majority of birds triggering false alerts are closer to the
regression line. The majority of offsets for false and correct alerts lay well below ten meters.














































































































Figure 10. Distance from the regression line at the time of CPA.
To evaluate the precision of predicting the time of arrival at the CPA, the period
between the earliest and latest expected arrival time is shown in Figure 11. In the baseline,
the spreads for the false alerts are slightly higher than for the correct interventions. In the
validation, it is much higher for the false interventions. However, there are also smaller
time intervals than observed for the correct alerts. The predicted time ranges span up to
300 s for correct alerts and up to 650 s for false alerts. This indicates a high variability in
bird velocities, especially for birds causing false alerts.
When considering the difference between predicted and effective time of the CPA depicted
in Figure 12, the much higher precision for the correct alerts becomes visible for both the baseline
and the validation. Although birds which cause correct alerts arrive with a maximum time
offset of 20 s at the CPA, the difference amounts up to almost 60 s for false alerts. The birds
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always arrived either earlier than or within the predicted time range. When considering correct
alerts, 33% of birds arrived earlier, 67% within the predicted time range in the baseline. In the
validation, all these birds arrived within the predicted time range. Regarding the false alerts,
16% of birds arrived earlier and 84% within the predicted time range in the baseline. In the












































































































































Figure 12. Time difference between the birds’ predicted and effective time of arrival at the CPA.
4. Discussion
In an initial study, the strong potential to enhance avian and aviation safety by imple-
menting a bird strike advisory system in the idealized conditions of perfect predictability of
bird movement was demonstrated [8]. This study enhanced the algorithm with a module
to predict bird movement and to calculate the risk of bird strikes.
In the optimized settings of the initial study, where the algorithm aimed at preventing
strikes with all birds in the airport environment, imposed delays could exceed acceptable
levels for tight flight plans. This indicated bird strikes to be warned off need prioritization
to keep delays and impact on runway capacity reasonable.
Since birds lingering on and close to the runway were identified as being overrep-
resented in the input bird data and, in addition, are already in the scope of currently
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implemented prevention measures, they were excluded for the study presented here.
Hence, the algorithm focuses on strikes with birds predicted to cross the extended runway
center line. Moreover, only these birds which were expected to cause damage to the aircraft,
caused an intervention of the algorithm.
The reduction of interventions to be considered resulted in acceptable delays imposed
on departures. Only 0.8% of delays exceeded the acceptable threshold of ten minutes in
the baseline, 0.5% in the validation. The maximum observed delay amounted to 21 min,
representing an outlier. All aircraft were able to depart within the airport opening hours.
Hence, the airport capacity could be maintained. This was true even though the thresholds
to trigger an intervention were set relatively low, to 0.3 for probability and severity individ-
ually, and to 0.09 for their product, to obtain a sufficient number of interventions for the
analysis. Hence, the hypothesis for tolerable delays in all scenarios was confirmed.
If there is a danger of interventions influencing the traffic flow too strongly in real-life
operations, especially the severity criterion could be adjusted. However, it should be kept
in mind that the severity of a strike can also be increased due to, e.g., hits of multiple birds
into different aircraft components, which was not considered here. Additional research
might be required to refine the definition of the severity criterion itself.
The algorithm succeeded in preventing bird strikes. Still, the overall bird strike
rates did not significantly change for the revised flight plans. This resulted from strikes
experienced by aircraft inheriting delays from departures which were delayed due to bird
strike risk. This is connected to one-sided effects of changing the take-off time of an aircraft.
An aircraft that departs collision-free when taking off as intended, either departs collision-
free after rescheduling or experiences a collision. Collisions can therefore only be added
but not removed for aircraft that initially took off without a bird strike. Hence, in case of
birds hard to predict, the additional strikes happening to aircraft that experienced inherited
delays can compromise the safety benefits by correctly prevented strikes. These additional
strikes were either caused by birds that could not be seen by the algorithm due to taking off
after the aircraft or due to an insufficient number of known positions to predict their track.
Consequently, the hypothesis of a reduction in bird strike rates could not be confirmed for
this implementation.
Most of the bird strikes where the algorithm decided against intervention, exceeded
the damage criterion. However, since their probability stayed below the criterion, the
algorithm was prevented to intervene. This was true even though the probability threshold
was set to a relatively low value of 0.3 which implies an insufficient precision in the
prediction of bird movements. The prediction logic builds on linear regression of the
bird track known at the time of intended aircraft take-off, including uncertainty buffers to
allow for lateral deviations and speed variation along the track. In the parallel direction,
the distance between the bird and the predicted track in form of a regression line is relevant.
For both correct and false alerts, the offsets at the time of CPA were low with a maximum
of 15 m for false alerts. This still lies in a position range which could be correctly detected
as a threat for collision or as harmless. The larger imprecision arises from the perpendicular
direction, where the predicted time interval at the CPA is relevant. Even for correct alerts,
the predicted intervals lasted up to 300 s. For false alerts, they spread up to 650 s. Since the
time intervals are calculated based on the minimum and maximum bird speeds along the
known part of the trajectories, this indicates high variability in bird velocity, resulting in
a high uncertainty, when the bird will cross the runway. This is indicated by the offset
between the predicted and effective arrival of the birds at the CPA. Their maximum
ranges to 20 s for correct interventions and to 60 s, which is still large, but smaller than
the wide spread of time ranges suggest. When comparing the results in the parallel and
perpendicular directions, it seems that the predictability of flight direction is higher than
the predictability of bird velocity.
Adjusting the probability calculation to base the probability in the perpendicular
direction on the expected time of arrival at CPA rather than the predicted time interval
could slightly improve the results. However, since there still are relatively large offsets
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of up to 60 s considering the false alerts, the success of that measure might be limited.
To achieve more realistic predictions, a more sophisticated approach is recommended.
As such, deep learning on multi-year data of bird movement could be performed to develop
site-specific bird movement models. Since radar is limited in the ability to distinguish
between individual bird species, the inclusion of data from different sensors such as video-
or infrared-based technology or even observations performed by humans or drones should
be considered.
The avian radar data used in this study was limited in its range. Hence, tracks of birds
flying in higher altitudes were modelled from bird densities obtained from weather radar.
Due to the small update rate of this radar type of five minutes, a small change in heading
can quickly lead to a deviation from the predicted direction of flight and thus contribute
to the imprecision of the selected prediction approach. Recently, the range of avian radar
technology has increased to cover more of the critical areas outside the airport boundaries.
Incorporating these data is expected to increase the prediction results when using the
method of this study. These data also include height information and as such allow the
thorough study of bird movement supporting the development of more sophisticated
methods to predict bird movement as described above.
The number of interventions varies among the combinations of air traffic intensities
and bird movement densities. A higher abundance of birds or even a higher number of birds
identified as crossing birds does not necessarily imply a higher number of interventions
by the algorithm. The variation of flight plans is, especially in the high air traffic intensity
scenarios, limited by the number of flights that must be performed within the airport
opening hours. Hence, the main variation is achieved by the different bird movement flight
plans. This is demonstrated by the difference of factor 1.3 between the bird strike rates in
the baseline and the validation. This difference occurs even though the bird movement
information for the same bird densities in the baseline and the validation originate from
the same calendar weeks. Hence, the bird abundance and the behavior of birds leading to
risk of air traffic seems to be strongly individual from one day to the next.
The variability between baseline and validation is also observed in the other metrics
evaluated in this study. The differences of prediction precision (Figures 9–12) are larger for
the validation. In contrast, the calculated probabilities and damaging potentials spread
wider for the baseline in all cases. The latter could result from the larger data set used in
the baseline. However, since the predictions themselves spread wider for the validation,
this rather indicates the high variability in bird movement even within one calendar
week. Factors influencing the bird strike risk from the bird perspective in such a short
period might include different weather conditions. Since bird movement information was
selected from days with little or no precipitation to get maximum detection rates by the
radar [27], other factors such as wind, temperature, cloudiness or humidity might play a
role. To achieve a prediction, when the bird strike risk is highest even within the same
season and when algorithm interventions are most appropriate, a more in-depth study
on the dependencies of bird strike rates of weather conditions is needed. This knowledge
could be useful for refining the algorithm and for implementing relative thresholds to
trigger interventions depending on the current situation.
5. Conclusions
The study presented here evaluated the impacts on the safety and capacity of an
airport when implementing a bird strike advisory system, which calculates the risk of bird
strikes by predicting tracks of birds and esteeming the severity of a collision. Simple linear
regression was applied on the known parts of the tracks to extrapolate their future path.
The algorithm focuses on birds expected to cross the runway and generate aircraft damage
upon collision. This study has demonstrated that a precise prediction of bird move-
ment is essential to enhance aviation and avian safety with a bird strike advisory system.
The selected approach based on linear regression does not suffice this purpose even when
probability aspects are taken into account. The bird strike rates remain similar. However, it
Aerospace 2021, 8, 32 21 of 22
has been shown that with a reasonable number of interventions, airport capacity can be
kept even at high air traffic intensities. To find and implement suitable models to predict
bird movement more precisely and as such to strongly enhance the number of correct alerts,
deep learning on multi-year data of bird movement and a shift from risk of individual
bird strikes to cumulative bird strike risk is recommended to develop a feasible bird strike
advisory system. The next steps towards actual implementation involve the development
of the controller interface as well as field-tests.
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